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mine the potential effect of MW hydrolysis, hormones were quantified in total (sorbed þ soluble) and supernatant (soluble) phases of the digester influent and effluent streams. Seven of 16 hormones were above the method reporting limit (RL) in one or more of the samples. Hormone concentrations in total phase of un-pretreated (control) and pretreated digester feeds ranged in <157e2491 ng/L and <157e749 ng/L, respectively. The three studied factors were found to be statistically significant (95% confidence level) in removal of one or more hormones from soluble and/or total phase. MW hydrolysis of the influent resulted in both release (from sludge matrix) and attenuation of hormones in the soluble phase. Accumulation of estrone (E1) as well as progesterone (Pr) and androstenedione (Ad) in most of the digesters indicated possible microbial transformations among the hormones. Compared to controls, all pretreated digesters had lower total hormone concentrations in their influent streams. At 20 days SRT, highest total removal (E1þE2þAd þPr) was observed for the thermophilic control digester (56%), followed by pretreated mesophilic digesters at 120 C and 160 C with around 48% efficiency. In terms of conventional performance parameters, relative (to control) improvements of MW pretreated digesters at a 5-d SRT ranged in 98e163% and 57e121%, for volatile solids removal and methane production, respectively. ª 2013 Elsevier Ltd. All rights reserved.
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Introduction
In Canada, approximately 388,700 dry tones of biosolids are produced yearly; about 43% of it is land applied. This percentage is expected to increase as different municipalities are recognizing land application to be the most sustainable and environment friendly disposal option for biosolids, as opposed to landfilling and incineration (Apedaile, 2001) . However, in addition to existing environmental and health concerns related to presence of coliforms and heavy metals, presence of some natural hormones, pharmaceutical and personal care products in biosolids are causing public opposition against the beneficial reuse of biosolids (Citulski and Farahbakhsh, 2010) . A number of these compounds are known to interfere with the natural functioning of endocrine system in human and animals and are called endocrine disrupting compounds (EDCs) (Hansen et al., 1998; Tyler et al., 2005) . Among these, natural steroidal hormones have been characterized to be the most potent of all EDCs (Legler et al., 1999 (Legler et al., , 2002a (Legler et al., , 2002b . Some studies show that although steroidal hormones have the potential to undergo transformations in agricultural settings, they are likely to persist long enough to impact the water quality of runoff . Furthermore, others indicate that hormone leaching and runoff can result in after land application of manure (Kjaer et al., 2007; Jenkins et al., 2009) .
Anaerobic digestion is a commonly used biosolids treatment method that converts the organic waste into methaneenriched biogas and fertilizer by combined action of a mixed community of microorganisms (Botheju and Bakke, 2011) . Stabilization of high-strength organic waste, production of heat or electricity by recovered methane, and reduced greenhouse gas emissions have made anaerobic digestion more favorable in today's world. Recent developments in this field indicate that thermal (i.e., conventional and microwave (MW) heating) (Ge et al., 2010; Wett et al., 2010; Yu et al., 2010) , mechanical (e.g., high pressure homogenizer, sonication, stirred ball mills) (Onyeche, 2006; Wood et al., 2009; Salsabil et al., 2010) and chemical (e.g., acidic and alkaline, ozonation) (Lin et al., 2009; Kim and Youn, 2011 ) pretreatments applied to complex organic waste (i.e. industrial and municipal secondary sludge, manure) prior to anaerobic digestion can substantially accelerate the hydrolysis and subsequent methane recovery in smaller digesters. Among these, thermal hydrolysis methods are reported to show improved pathogen destruction and dewaterability in addition to higher improvement in methane recovery compared to other methods (Pino-Jelcic et al., 2006; Carballa et al., 2009; Yu et al., 2009 ). Initially, MW hydrolysis studies at 2.45 GHz and below boiling point of water using kitchen type MW ovens have shown to effectively break the complex polymeric network of waste activated sludge (WAS) and disintegrate the organic macromolecules (e.g., protein, polysaccharides and nucleic acids) (Eskicioglu et al., 2007a) . Later, pretreatment of thickened WAS (TWAS) with a bench-scale industrial MW unit and pressure sealed vessels resulted in 31% higher biogas production and 75% improvement in dewaterability at a temperature of 175 C (Eskicioglu et al., 2009 ).
To date, conventional parameters, such as organics removal, methane recovery, pathogen removal, dewaterability, have been the focus of almost all the studies dealing with thermal hydrolysis in lab-or full-scale operations. A large research gap exists regarding the effects of thermal hydrolysis on fate and removal of micropollutants, e.g., steroidal hormones, during advanced anaerobic digestion. Only a few studies have reported the fate and removal of estrogenic hormones (e.g. estrone (E1), 17b-estradiol (E2), estriol (E3) and 17a-ethinylestradiol (EE2)) from full-scale and lab-scale conventional anaerobic digesters without advanced hydrolysis (Andersen et al., 2003; Furlong et al., 2010; Muller et al., 2010; Ifelebuegu, 2011; Paterakis et al., 2012) . A single study using thermal pretreatment by conventional heating (Carballa et al., 2006) reported the removal efficiencies of estrogenic hormones (i.e., E1, E2 and EE2) in pilot-scale mesophilic and thermophilic anaerobic digesters utilizing mixed municipal waste sludge. Despite the high removal efficiency (>80%) of the natural estrogens, little or no effect of pretreatment was observed.
As pretreatments disintegrate the complex polymeric network in waste sludge samples, it is likely that some hormones, initially encapsulated within the polymeric network, may be released into the soluble phase and render themselves more or less biodegradable depending on the changes on their molecular structures at different pretreatment conditions (low or elevated temperatures, mechanical shear, or chemical dose). Furthermore, as sludge pretreatments solubilize organics (possibly hormones as well), it could be postulated that there is a potential to shift the ultimate disposal route of residual hormones in digestate from a landfill or agricultural land to main wastewater stream. As wastewater treatment plants (WWTPs) incorporating thermal hydrolysis prior to anaerobic digestion may contain higher solubilized hormones in their digestates, there may be higher concentration of hormones recycled back to the head of the treatment train with the digester centrate. Therefore, the objective of this work was to study the effect of MW hydrolysis on fate and removal of steroidal hormones (synthetic and natural displayed in Table 1 , Fig. S1 ), that are already present (without spiking) in dewatered municipal sludge cake, during advanced anaerobic digestion. The effect of pretreatment and digestion temperatures as well as sludge retention time (SRT) have also been evaluated at the lab-scale.
2.
Materials and methods
Substrate and inocula
Municipal sludge cake was collected bi-weekly from Kelowna Pollution Control Center (KPCC) (British Columbia (BC), Canada), currently serving more than 94,000 population. In this WWTP after preliminary treatment and primary sedimentation, wastewater flows into a modified Bardenpho unit designed to remove C, P and N. The secondary effluent then undergoes UV disinfection before being discharged into the Okanagan Lake. Fermented and gravity thickened primary sludge (PS) and WAS, thickened by a dissolved air flotation unit, are pumped separately and mixed (40:60, %v/v) before dewatering by centrifugation. The dewatered sludge cake with a total solids (TS) content of 17.5 AE 1% (w/w) was used for MW pretreatment to minimize the input energy requirement per dry weight. Microwave pretreated and un-pretreated (for controls) sludge cakes were mixed with leachate (<1% TS, w/ w) collected from Glenmore Landfill (BC, Canada) and tap water (3:5 in liquid mixture) to attain a typical feed concentration of 3.4% TS (w/w) for anaerobic digesters. Due to restrictions on land availability and limitations on expansion, a future digester may not be accommodated at the KPCC. Therefore, the purpose of using leachate was to assess whether a digester located at the local landfill (w15 km from the KPCC) instead can utilize the excess leachate to dilute the sludge cake stream without any inhibitory effect due to a concern of presence of heavy metals. The mesophilic and thermophilic inocula were collected from the full-scale anaerobic digesters located at Penticton and Annacis Island WWTPs (BC, Canada), respectively. Prior to digester studies, the inocula were acclimatized to MW pretreated sludge at a temperature of 175 C to avoid any possible acute inhibition at elevated hydrolysis temperatures for 7 months. During acclimation, the initial organic volumetric loading rate (OLR) of the digesters was 1.58 AE 0.27 g chemical oxygen demand (COD)/L/d at a safe SRT of 20 d. This loading was doubled gradually with a feed concentration ranging between 1.71 AE 0.15% to 3.65 AE 0.30% TS (w/w) within 7 months.
Microwave pretreatment
A closed-vessel microwave digestion system (ETHOS-EZ, Milestone Inc., Connecticut, USA) operating at 2.45 GHz with maximum power, temperature and pressure of 1200 W, 300 C and 35 bars, respectively was used. ETHOS-EZ is equipped with ATC-400-CE (thermocouple) temperature probe housed in a reference vessel. The unit has 12 pressure sealed vessels (100 mL each) rotating on a carousal. ETHOS-EZ is easily programmable to heat the sample at different ramping rates and holding times, which allows for optimization of thermal disintegration. During hydrolysis, municipal sludge cake, at 17.5% TS, was placed in 12 Teflon vessels (45 g each) and irradiated to final desired temperatures of 80, 120 and 160
C. This range of temperature was selected to investigate the thermal effect both above and below boiling point. In order to make the heating profile comparable, a uniform rate of ramping (7.5 C/ min), a constant holding time (1 min) and MW venting (cooling) time (25 min) were applied. After venting, the vessels were further cooled down to room temperature (20e22 C) before opening to minimize any loss of organics including hormones by evaporation and the MW irradiated sludge was stored at 4 C for digester feed preparation. A previous study investigating the effects of pretreatment temperature (110, 150 and 175 C) and ramping rate (3.75 and 7.5 C/min) demonstrated for concentrated TWAS (11.85% TS) that the ramping rate was not a significant factor in consideration to increased solubilization (Toreci et al., 2010) . In accordance with this, the higher ramping rate (7.5 C/min) was chosen, which could also minimize the energy input/loss during MW heating.
Digester studies
A total number of eight, side-armed Erlenmeyer flasks with total and liquid volumes of 1 and 0.5 L, respectively, were used as semi-continuous flow digesters (fed once a day including weekends). Erlenmeyer flasks were sealed with rubber stoppers and side arms were used to feed the reactors. One sampling port was bored into the rubber stopper to withdraw the sludge from the digester. The second sampling port was connected to 2 L Tedlar bag for biogas collection. The Tedlar w a t e r r e s e a r c h 4 7 ( 2 0 1 3 ) 4 9 6 6 e4 9 7 7 bags were equipped with on/off valves and a septum fitting that was used for gas composition sampling. Volume of daily biogas collected was measured by a manometer. Four of the digesters were operated at the mesophilic temperature (35 C) and the remaining four were kept at the thermophilic condition (55 C) in temperature controlled shakers (90 rpm). One of the four digesters at each operating temperature was fed with un-pretreated sludge and was called "control", while rest of the three were fed with pretreated sludge at 80, 120 and 160 C temperatures. The digesters were run for SRTs of 20, 10 and 5 days. At each operational stage, once the steady state (<10% variation in biogas production rate) has been reached, the digesters were maintained under the identical loading for over a period of three SRTs. Effluents were collected during this time as 7-day composite samples in LDPE bottles and refrigerated at 4 C for hormone analysis. Chemical oxygen demand (COD), TS, volatile solids (VS), pH, alkalinity, ammonia, total volatile fatty acids (TVFAs) of effluent and feed along with biogas composition were monitored twice a week. Digester pH and biogas volumes were measured daily.
Analytic techniques

Characterization of influent and effluent
Total solids (TS), VS, alkalinity and ammonia were analyzed according to Standard Methods procedure 2540B, 2540E, 2320B and 4500D, respectively (APHA, 2005) . The closed reflux colorimetric method was used for COD measurement according to procedure 5250D (APHA, 2005) using Spectronic 20Dþ (Thermo-Electron Corporation) spectrophotometer and at 600 nm wavelength absorbencies. Sludge samples were centrifuged for 15 min at 8000 rpm and the collected supernatants were used for both ammonia and alkalinity. However, for soluble COD determination, the supernatants were further filtered through 0.45 mm pore-sized membrane discs. To measure the TVFAs (summation of acetic, propionic and butyric acids), the supernatants were first filtered through membrane discs (0.2 mm pore size) and then injected into an Agilent 7890A Gas Chromatograph (GC). The GC contains a capillary column (Agilent 19091F-112, HP-FFAP polyethylene glycol TPA column length Â ID: 25 m Â 320 mm) and a flame ionization detector (oven, inlet and outlet temperatures: 200, 220 and 300 C, respectively, carrier gas flow rate: 25 mL helium/min) and is equipped with an auto-sampler (Agilent 7693A). The method developed by Ackman (1972) used isobutyric acid as an internal standard. An Agilent 7820A GC with a thermal conductivity detector (oven, inlet and outlet temperatures: 70, 100 and 150 C, respectively) and packed column (Agilent G3591-8003/80002) was used to determine the biogas composition (CH 4 , CO 2 , O 2 , N 2 percentages) in the headspace of digesters using helium as the carrier gas (flow rate: 25 mL/min). The method was developed by van Huyssteen (1967).
Hormone analysis
A fraction of the collected digester effluent and influent samples were centrifuged at 8000 rpm for 20 min and only the supernatants were collected (settled solids were discarded) and filtered through 1 mm filter papers. The filtrated supernatant samples were analyzed to quantify the soluble fraction of the hormones. In addition soluble and sorbed fractions of the hormones were determined by analyzing the total phase of influent and effluent samples (Fig. 1 ). Prior to extraction of hormones from the matrix and/or clean-up procedures, samples were adjusted to the required pH (2.0) and were also spiked with surrogates (Table 1 ). The total phase samples were extracted by sonication with aqueous buffered acetonitrile and with pure acetonitrile, concentrated by rotary evaporation, and diluted with ultra-pure water to 200 mL. Aqueous samples and the diluted extracts of total phase samples were cleaned-up using hydrophilic lipophilic balanced (HLB) solid phase extraction (SPE) cartridges. After addition of recovery standards, the extract was filtered and analyzed by Waters 2795 (or Waters 2695) High Pressure Liquid Chromatograph equipped with a Micromass Quattro Ultima Mass Spectrometer and workstations running QuanLynx/Masslynx software (LCeMS/MS). The instrument described required a total of two different LC runs in positive and negative ionization modes to analyze a total of 16 hormones displayed in Table 1 . Instrument calibration was performed using a series of calibration solutions (6 points) covering the working concentration range of the instrument (0.2 ng/mLe3000 ng/mL) specific for the individual compounds of interest. The LCeMS/MS was run in multiple reaction monitoring mode and quantification was performed by recording the peak areas of the applicable daughter ion of specified parent ion/daughter transitions (AXYS, 2012). The detailed extraction and clean-up steps are provided in Supporting information (Fig. S2) . The concentrations obtained from the analysis were reported in ng/g dry weight (total phase) and ng/L (supernatant phase) unit. Total phase concentrations were later converted into ng/L unit using TS concentration of respective sample (Table S5) to make them comparable to supernatant phase concentration. Ongoing precision recovery (OPR) standards (spiked matrix of the analytes) and procedural blanks were used for quality w a t e r r e s e a r c h 4 7 ( 2 0 1 3 ) 4 9 6 6 e4 9 7 7 control purpose. Laboratory performance in terms of OPR recovery and blank levels were compared to established performance criteria (Table S1 ). Method detection limits of quantification (Table S2 ) were the levels, at which analytes could be detected in absence of interferences. However, due to complex nature of sludge matrix, a number of compounds other than target analytes present in the sample may affect detection performance. To account for the matrix interferences, sample specific detection limits (SDLs) of the target hormones were determined for each sample run. The SDLs varied mainly depending on the sample type and size and were calculated as the analyte concentration corresponding to a peak with 3:1 signal to noise ratio. The method reporting limit (RL) for each target compound was defined as the lowest calibration standard which was higher than method detection limit, or the SDL, whichever was greater.
Calculations
For more than duplicate data points, mean and standard deviation were reported. To determine the significant factors, multi-factor analysis (digester operating temperature, pretreatment temperature and SRT) of variance (ANOVA) was used, with P 0.05 for hormones of Ad, Pr and E1. Removal efficiency [based on eq. (1)] was considered as the response variable for ANOVA. During hormone removal efficiency calculations, below detection limits concentrations were assumed to be equal to the RL for that specific sample. As the digester feed was prepared in the same manner, and feed characterization results in terms of typical parameters, i.e., TS/VS, CODs etc. showed variations less than AE9% during the experimental period (JanuaryeMay, 2012), influent hormone concentrations were assumed to remain the same in the digester feed for the three SRTs studied. As previously mentioned, digester effluent samples were 7-day composite samples.
Removal efficiencyð%Þ
Where, C i is the concentration in total (ng/L) or supernatant (ng/L) phase of the influent, C e is the concentration in total (ng/ L) or supernatant (ng/L) phase of the effluent.
Results and discussion
Characterization of the dewatered sludge cake, landfill leachate and the digester influent upon pretreatment and dilution are displayed in Table 2 . In this study, MW hydrolysis achieved 74%, 81% and 126% increase in SCOD/TCOD ratios compared to controls at temperatures of 80 C, 120 C and 160 C, respectively at a heating ramp rate of 7.5 C/min. Previous studies indicated that the solubilization performance is both sludge type as well as heating ramp rate specific. The higher the secondary sludge fraction in the total sample thermally pretreated, the higher the improvement in solubilization compared to controls (Saha et al., 2011) . Similarly, the lower the heating rate ( C/min), the higher the solubilization within low to moderate temperature range (Eskicioglu et al., 2007b) . As the sludge sample used in this study was a mixture of primary to secondary sludge, the solubilization achieved compared to controls were lower than those reported for secondary sludge only at similar pretreatment temperatures (Eskicioglu et al., 2009 ). The VS/TS ratio of the control and pretreated influents were within 82 AE 2% range, suggesting MW pretreatment did not result in significant mineralization. This was important, since mineralization of the VS can lead to destruction of organics leading to decreased methane potential of the sludge. Table 2 also shows a decrease in ammonia and VFA concentration at all pretreatment temperatures, possibly due to loss of the these compounds by volatilization despite the efforts made to minimize this possibility. Except for the control digesters at the 5-day SRT, all control and pretreated digesters achieved steady state at all three SRTs, corresponding to volumetric OLRs of 1.74e6.96 g COD/L/ d. At the SRT of 5 days, both mesophilic and thermophilic controls stopped producing biogas after 20 days of operation with TVFA concentrations exceeding 1818 mg/L at pH <5.64 b Arithmetic mean (standard deviation, number of data points).
w a t e r r e s e a r c h 4 7 ( 2 0 1 3 ) 4 9 6 6 e4 9 7 7 for mesophilic and 2853 mg/L at pH <7.02 for thermophilic controls while the pretreated digesters continued producing biogas. Regarding the effect of pretreatment on digester performance, both organic removals (Fig. 2a) and daily methane productions at standard temperature and pressure (STP; 0 C, 1 atm) (Fig. 2b) improved for the pretreated digesters at both mesophilic and thermophilic digester temperatures. The pretreatment effects were more prominent at the shortest SRT of 5 days, which was in agreement with the previous studies reporting on mesophilic semi-continuous digestion of MW pretreated (below boiling point temperature, <96 C) municipal sludge (WAS and WAS þ PS) (Eskicioglu et al., 2007a; Park, 2011) . The relative (to control) improvements in VS removal efficiencies were respectively in the range of 124e163% and 98e117% for mesophilic and thermophilic digesters, fed with pretreated sludge cake at SRT of 5 days. Similarly, pretreated digesters produced 101e121% and 57e81% higher methane, respectively for mesophilic and thermophilic digesters, over controls at SRT of 5 days. No inhibitory effect of the landfill leachate was observed.
Detection of hormones in anaerobic digester influent
Hormone concentrations in the supernatant and total phases of digester streams (influent and effluent) were shown in Tables S3 and S4 (in Supporting information), respectively. In the specified tables, only hormones with concentrations above RL in one or more samples were represented. Although for most of the effluent and influent samples the peak of mestranol (Ms) and androsterone (An) were detected, quantification criteria (Table S1) were not met. For such cases, concentrations were reported as a 'K' flagged value and represented as "the estimated maximum possible concentration" in the supernatant or total phase matrixes. During analyses, 5 of the 16 target hormones were detected in total phases of one or more influent samples. Among these, three were androgenic (androstenedione; Ad, androsterone; An and testosterone; Tr), one was progestogen (progesterone; Pr) and one was estrogenic (mestranol; Ms). The majority of the estrogens studied, i.e., estrone (E1), 17 beta-estradiol (E2), estriol (E3) and 17a-ethinylestradiol (EE2), were below the RLs w a t e r r e s e a r c h 4 7 ( 2 0 1 3 ) 4 9 6 6 e4 9 7 7 in all the influent samples. Concentrations of Tr (<4.76e6.29 ng/g) and Pr (<4.76e22.7 ng/g) were comparable to previously reported concentrations of hormones in dewatered sludge (Fan et al., 2011; Liu et al., 2011 Liu et al., , 2012 , while concentration of Ad (<11.9e75.5 ng/g) was slightly higher than the previous studies (6.7e12 ng/g). Regarding the occurrence of steroids in the soluble phases, 6 out of 16 hormones were above the RLs in at least one of the influents (Table S3 ). Both E1 and E2 were detected and their concentrations varied in a range of 22.4e92.4 ng/L while Pr fell below the RL in the supernatant phase.
Effect of microwave pretreatment on hormone concentrations
As shown in Fig. 3 , there was no consistent pattern among different steroidal hormone concentrations with an increase in MW irradiation temperature in supernatant or total phases of digester influent. Compared to estrogenic (i.e. E1, E2, EE2), androgenic and progestogenic hormones have been shown to partition with aqueous phase mostly (Esperanza et al., 2007) . This study indicated very high concentrations of Ad in the supernatant phases of the control (no pretreatment) samples.
However, MW pretreatment led to attenuation of Ad in both supernatant and total phases of the digester influents with an increase in the MW temperature (Fig. 3) . Similarly, E1 decreased in the supernatant phase with an increase in the pretreatment temperature and was below the RL in the total phase. Although, Tr increased in the supernatant after pretreatment at 80 C, higher pretreatment temperatures (120 and 160 C) ultimately decreased its concentration. Previously, it had been reported that removal of estrogenic compounds (E1, E2 and EE2) from thermally pretreated (with autoclave 160 C, 60 min) mixture of WAS and PS (30:70, v/v) by anaerobic digestion were not affected by pretreatment, digester temperatures or SRT (Carballa et al., 2006) . However, the study by Carballa et al. (2006) evaluated the impact of only one temperature (160 C) on three hormones (E1, E2 and EE2) and results focused on overall removals rather than possible structure changes in each hormone present in digester feeds after pretreatment. The elevated melting points of these three hormones (155e256 C; Table 1 ) suggest that the reduction of the concentrations of these compounds were not likely to be caused by evaporations from the soluble phase during MW irradiation (temperature ranging 80e160 C). The attenuations could have been caused by abiotic transformation of the hormones. Autoxidation of cholesterol and plant sterols by heating is well documented in the literature (Osada et al., 1993; Baggio and Bragagnolo, 2006; Otaegui-Arrazola et al., 2010) and could explain the results obtained in the current study involving steroids with similar ring structures to sterols (Fig. S1 ). This warrants further investigation to identify the products of transformation. In the supernatant of the digester feed, E2 was the only hormone showing consistent release with increasing temperature and was below the RL in the total phase (Fig. 3a) . Based on these results, it can be postulated that both transformation (i.e. autoxidation, denaturation) and release of hormones from the complex polymeric floc structure occurred during the MW pretreatment. It is possible that for more hydrophobic hormones, such as E2, the release was higher. Furthermore, Pr was not detected in supernatant of the influent; however, it increased in the total phase. Based on the results in the literature, as the high MW pretreatment temperatures used could be inhibitory to any enzymatic activity in the digester feed (Daniel et al., 1996) , transformation of one or more hormones into Pr at highly elevated temperatures was unlikely. However, this could be due to additional (to sonication described in Section 2.4.2) hormone extraction step provided by the MW irradiation for the pretreated sludge samples. Literature shows that microwave assisted extraction has been used to extract hormones from solid samples (e.g., soil, sediment etc.) as an attractive alternative method to traditional extraction methods such as soxhlet extraction and sonication (Liu et al., 2004; Labadie and Budzinski, 2005; Hibberd et al., 2009 ). This could mean that the MW pretreated digester feed samples could be advantaged in terms of hormone extraction efficiency and subsequent detection sensitivity in the total phases due to hybrid (MW pretreatment of sludge followed by sonication as part of the analytical method for detection) extraction applied. The hormone concentrations (E1, E2, Ad, Pr) before and after anaerobic digestion under different pretreatment 
temperatures (from both total and supernatant phases) are displayed in Figs. 4e6. Matrix interferences were observed in the cases of Tr, An and Ms. Their detection in most of the samples did not meet quantification criteria specified in Table  S1 , therefore their concentrations were not shown. It should be noted that decrease of concentration from the total phase after digestion indicates the absence of that specific compound in the effluent. Processes, such as biodegradation (upon disintegration of solids followed by hormone release to soluble phase), abiotic transformation, may account for this. However, for attenuation from the supernatant phase, sorption to sludge is also a relevant elimination process in addition to the aforementioned ones. Compared to control digesters, MW pretreated digesters, especially at elevated temperatures (120, 160 C), contained lower concentrations of Ad, Pr and E1 in their effluents (Figs.  4e6) . This trend was more apparent in the total phases of effluents for both Ad (Fig. 5b) and Pr (Fig. 6b ) and in supernatant for E1 (Fig. 4a) under both mesophilic and thermophilic digester temperatures. These results were confirmed by statistical analyses. ANOVA, performed on hormone removal efficiency [calculated from eq. (1)], suggested that MW pretreatment was a statistically significant factor (P < 0.05) at 95% confidence level for the hormones of Pr (total phase), Ad (supernatant phase) and E1 (supernatant phase) as shown in the Supporting information. Furthermore, removals of Pr from supernatant and Ad from total phase were not significantly affected by pretreatment temperatures. Since all of the effluent concentrations were below RL for E2, statistical analysis of E2 could not be performed. Normal probability plots examining the residuals (Fig. S3e5) indicated that the assumptions behind the ANOVA analyses were satisfied. Despite the known inefficiency of conventional anaerobic digesters to biodegrade the hormones (Andersen et al., 2003; Esperanza et al., 2007; Holmes et al., 2010; Ifelebuegu, 2011) , below RL concentrations of estrogenic hormones (i.e. E1, E2, E3 and EE2; reported in Table S4 ) made it difficult to estimate their removal from the total phase. However, the concentrations in supernatants indicated accumulation of E1 (Fig. 4a) and removal of E2 (Fig. 4b) in both control and pretreated digesters. Previous studies demonstrated an oxidation of E2 (at initial concentration of 5 mg/L) to E1 in anaerobic sediments and dairy lagoon water (Czajka and Londry, 2006; Zheng et al., 2012) . In addition, these researches also suggested minimal degradation for these compounds, which may be responsible for the observed accumulation of E1 in this study. Another possible reason could be cleaving of glucuronide and sulfate conjugates present in the primary sludge during anaerobic digestion (Furlong et al., 2010) . Although, there is not much information that exists regarding the biodegradation and fate of androgenic and progesteronic hormones under anaerobic conditions (Esperanza et al., 2007) , this study demonstrated an overall accumulation of Ad in most of the digesters (Fig. 5) . In terms of Pr, the concentrations increased in the supernatant during anaerobic digestion (Fig. 6a) . On the other hand, total phase concentrations increased and decreased under mesophilic and thermophilic digestion, respectively, as SRT increased from 5 to 20 days (Fig. 6b) . Despite the lower concentrations of Ad in the pretreated influents than the controls, the effluent concentrations revealed accumulation in both phases in the pretreated and control digesters. Possible explanation of such accumulation could be microbial assisted transformation of hormones similar to that of conversion of E2 to E1. For example, Ad has been the starting compound in synthesis of androgenic and anabolic drugs for a long time and many microorganisms have been isolated from environment that are able to produce Ad by ring cleavage of plant sterols (Malaviya and Gomes, 2008) . Such bioconversion of phytosterols had been reported to cause accumulation of androgens (e.g., androstenedione (Ad)) in anoxic river sediments receiving pulp and paper mill effluent (Jenkins et al., 2004) . Recently, another study reported Ad to be a metabolite of Pr degradation using soil mold Penicillium aurantiogriseum (Eshrat and Aroona, 2011) . However, the majority of these studies deal with aerobic microorganisms and unfortunately not much is known regarding biotransformation under anoxic or anaerobic conditions. It is possible that some other steroidal hormones, not monitored in this study, could also have acted as precursors of the target hormones resulting in their accumulation.
In an attempt to estimate an overall concentration of hormones accumulated in the digesters as a function of pretreatment temperatures, the sum of concentrations of four hormones (E1, E2, Ad and Pr) in the supernatant (soluble) and total (soluble þ sorbed) phases of effluent and influent at the SRT of 20 days are presented in Fig. 7 . These hormones were considered since they were above RL in most of the samples. Also, when these hormones were not detected at RL in some of the samples, their concentrations were assumed to be equal to the RL. Concentration profiles revealed consistent decreasing trend in the total hormone concentrations in both supernatant ( Fig. 7a) and total ( Fig. 7b) phases after MW pretreatment. This trend was more apparent in the digester feeds than the effluents. Compared to controls, all pretreated digesters had lower total hormone concentrations in their influents entering the digesters, with larger differences in the supernatants (Fig. 7a) . On the other hand, despite the significantly reduced concentration of hormones entering the pretreated digesters, the effluent supernatant concentrations from pretreated digesters at the elevated temperatures (120 and 160 C) exceeded the influent supernatant concentrations (Fig. 7a ). This may indicate that pretreatments may have facilitated the release of hormones from the particulate phase to soluble phase during both mesophilic and thermophilic digesters. However, compared to controls, there was still significant reduction in soluble hormones. For example, at the SRT of 20 days, mesophilic supernatants contained 42%, 52%, 78% less hormones in their digestate supernatants at MW temperatures of 80, 120 and 160 C, compared to controls (Fig. 7a) . These results could imply that the future advanced digesters (especially mesophilic) incorporating MW hydrolysis could lower the hormone loads recycled back to the main WWTP as part of digester centrate stream. On the other hand, the thermophilic control contained more or less same concentrations of hormones in its digestate supernatant as the pretreated digesters. In fact, the thermophilic digester fed with pretreated sludge at 160 C showed 21% increase in total hormone concentrations compared to the control. Furthermore, in terms of the comparisons in the supernatant phase, all of the thermophilic digesters, except MW 160, had lower hormone concentrations compared to mesophilic digesters. However, the total phase concentration profiles (Fig. 7b) suggested that thermophilic digesters actually accumulated more hormones with respect to both mesophilic digesters and influent. This in turn indicates that thermophilic anaerobic digesters may introduce higher amount of steroidal hormones to the environment in case of land application of dewatered digested sludge (biosolids). The concentrations of estrogenic (E1 þ E2), androgenic (Ad) and progestogenic (Pr) hormones ranged between 30 and 140 ng/L, 66.4 and 732 ng/L and <5.5 and 317 ng/L, respectively, in the supernatant phase of control and pretreated digester effluents in the same SRT (20 days). These concentrations are comparable to the concentrations of hormones in the wastewater entering the WWTP (Chang et al., 2011; Liu et al., 2012) .
Effect of sludge retention time (SRT) on hormone concentrations
The results indicated statistically significant effect of changing digester SRT only for Ad in total (mesophilic digesters) and soluble phase of the effluents (Table S7) . Effluent from mesophilic digesters during 20 days SRT contained at least 2e4 times higher concentration of Ad (total phase) compared to SRT of 5 days at 80 and 120 C pretreatment temperatures, respectively (Fig. 5b) . Similarly, E1 (supernatant phase, mesophilic) and Pr concentrations (total phase, thermophilic) at 20 days SRT were found to be at least 1.2e1.5 and 5e9 times higher compared to 5 days SRT concentrations at MW pretreatment temperatures of 120 and 160 C, respectively (Figs.
4a and 6b). These trends could be explained by the fact that longer retention time would allow for more conversion, leading to accumulation of certain hormones in the digesters.
Effect of digester operating temperature on hormone concentrations
In terms of the effect of changing digester operating temperature on individual hormones, results indicated that only removal of E1 from supernatant was significantly (P < 0.05) affected (Table S8) . However, as it has been previously emphasized (Section 3.2) based on the results displayed in Fig. 7 , mesophilic and thermophilic behaved differently under various pretreatment conditions at an SRT of 20 days in terms of overall hormone removals or accumulations. Mesophilic digesters at high pretreatment temperatures (120 and 160 C)
showed around 48% total removal compared to 25% total removal of the control. Whereas, the highest total removal efficiency for thermophilic digesters was observed for the control digester (56%). In addition, effluents from pretreated thermophilic digesters showed higher concentration of hormones (ranging between 12 and 63%) compared to the effluent control (Fig. 7b) . This suggests at higher SRTs, conventional thermophilic digester performs better in terms of removal and pretreatment may be advantageous only under mesophilic conditions. The results obtained in this study indicate that different MW and digester temperature configurations can yield different distribution of hormones between soluble and total phases of digester influent and effluent streams. While MW pretreatment was proven to be reducing the total hormone loads retuned back to WWTP as part of the digestate centrate, the effects on the total phase was not always positive (particularly for thermophilic systems). These findings, overall, can support our initial hypothesis that there is a potential to change the ultimate disposal route of residual hormones in digestate from a landfill or agricultural land to main wastewater stream by pretreatments. However, this change will most likely be positive leading to reduced hormone concentrations (particularly at elevated thermal pretreatment temperatures) present in the centrate side-streams rather than accumulations as initially postulated.
Conclusions
This study assessed the fate of 16 steroidal hormones during mesophilic and thermophilic advanced anaerobic digesters utilizing MW irradiated mixed sludge. Among the 5 hormones detected in the total phase and/or supernatant of digester influents, only E2 fell below the RL and the rest were detected in the effluents. MW pretreatment at three different temperatures (i.e. 80, 120 and 160 C) showed release of comparatively more hydrophobic hormones (i.e. E2) and decrease of some other hormones (i.e. E1, Ad, Tr) in the supernatant (soluble) phase. Exact mechanism of this hormone attenuation process requires further investigation. Low biodegradation efficiency of steroidal hormones in anaerobic digesters, resulted in accumulation of Ad, Pr and E1 in both soluble and total phases. Different factors studied (i.e., digester operating temperature, pretreatment temperature and SRT) were proved to be statistically significant in removal (or accumulation) of some of the hormones (e.g., Pr, Ad, E1) in total or supernatant phases. At 20 days SRT, thermophilic digesters contained overall less concentration of steroidal hormones in the soluble phases of effluents representing a centrate stream. However, mesophilic digesters seemed to perform better in terms of total attenuation of hormones at the same SRT (20 days) and would likely to have lower concentrations in the dewatered w a t e r r e s e a r c h 4 7 ( 2 0 1 3 ) 4 9 6 6 e4 9 7 7 biosolids compared to thermophilic systems. MW pretreatment also showed increased organic removal and methane production rates, especially at shorter SRTs (10 and 5 days).
